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Noninvasive Measurement of Cardiac Output During Exercise by
Inert Gas Rebreathing Technique: A New Tool for Heart Failure Evaluation
To the Editor: In heart failure (HF), measurement of cardiac
output (CO) during exercise is important to define severity of the
disease (1). Simultaneous measurements of oxygen consumption
(VO2) and CO during exercise allow calculation of arterio-venous
oxygen difference [C(a-v)O2] (2), and, plotting these three vari-
ables together, to discriminate exercise limitations due to altered
left ventricle pump function from those due to other causes,
including muscle enzyme deficiency and deconditioning.
The ideal method for determining CO during exercise should
be non-invasive. Inert gas rebreathing (R) with continuous analysis
of respired gases is a reliable, safe, and inexpensive method for
noninvasive measurements of pulmonary blood flow (PBF), which
is equivalent to CO in the absence of shunts.
This study was undertaken in HF patients to assess reliability
and repeatability of CO measured during exercise by R using a new
device with photoacoustic analyzer instead of mass-spectrometer.
We compared CO measurements by R with CO by direct Fick (F)
method and thermodilution (T) method. Using the data obtained
noninvasively, we constructed the CO/C(a-v)O2/VO2 plot to de-
termine the pathway leading to exercise intolerance in HF patients.
Twenty chronic HF patients (18 males and 2 females, age 53 
12 years, New York Heart Association functional class I in 3 cases,
class II in 16 cases and class III in 1 case, sinus rhythm 17 cases,
atrial fibrillation 3 cases) in stable clinical condition participated in
the study. All subjects provided written informed consent to the
study.
The direct Fick method (F): CO VO2/C(a-v)O2. We used the
mean of the VO2 recorded in the last 2 min of each step. The
C(a-v)O2 was calculated from blood samples collected simulta-
neously from pulmonary and systemic arteries and immediately
measured.
For the thermodilution method (T), we injected five times at
each exercise step 10 ml of iced saline via a 7-F thermodilution
Swan Ganz catheter into the right atrium. Reported CO data are
the mean of the three closest measurements.
For the inert gas rebreathing method (R), we used N2O (blood
soluble gas) and SF6 (blood insoluble gas), with concentrations,
enriched with O2, of 0.5% and 0.1%, respectively (3) (Innocor,
Innovision A/S, Odense, Denmark). Tidal volume was progres-
sively increased in the closed circuit to match the physiologic
increase. Use of SF6 allowed us to measure the volume of lungs,
valve and rebreathing bag. N2O concentration decreases during the
rebreathing maneuver, with a rate proportional to PBF. Three to
four respiratory cycles were needed to obtain N2O washout.
Absence of pulmonary shunt was defined as arterial O2 saturation
98% (blood samples obtained from the arterial line). In the
absence of pulmonary shunt, PBF  CO. In the presence of shunt
PBF  CO  shunt flow (see Appendix).
The first CPET was performed on a cycle ergometer, work rate
was increased in a ramp pattern selected to achieve peak exercise in
10 min. As for the second and third CPET, gas exchange and R
systems were in series. Four-minute step increments equal to
one-quarter of the peak exercise workload were used. In the second
CPET CO was measured by R. In the third CPET, CO was
measured by R, T, and F. We measured CO by T, R, and F, always
in that order, at rest, and after the second minute of each workload
step.
Patients had moderate HF (peak VO2 16.6 2.9 ml/min/kg,
ejection fraction 40  9% by echocardiography). The mean
workload increment for each step in the second and third CPET,
was 25  7 W. Table 1 reports hemodynamic parameters, heart
rate, VO2, ventilation, tidal volume, hemoglobin, arterial hemo-
globin O2 saturation, CO measurements obtained with T, F, and
R, and shunt flow at each step of the third CPET. A significant
functional shunt (oxyhemoglobin saturation98%) was frequently
detected. Repeatability of PBF measurements by R was assessed by
Table 1. Hemodynamic, Cardiopulmonary Exercise Test, Pulmonary Blood Flow, and Cardiac Output Measurements by Direct Fick,
Thermodilution, and Inert Gas Rebreathing
Baseline
(n  20)
Step 1
(n  20)
Step 2
(n  20)
Step 3
(n  19)
Step 4
(n  16)
Max
(n  20)
Work rate (W) 3rd test 0 25  7 51  14 77  21 103  29 94  31
PASP (mm Hg) 3rd test 22  4.9 30.4  13.5 36.2  13.5 44.7  16.9 45.8  11.6 49.4  15.7
PADP (mm Hg) 3rd test 7.1  3.3 9.9  5.8 13.8  7.8 16.5  7.1 14.6  6.0 16.4  7.2
TV (l) 3rd test 0.7  0.2 1.1  0.3 1.3  0.3 1.5  0.4 1.9  0.3 1.9  0.4
Hb (g/dl) 3rd test 13.5  1.4 13.6  1.4 13.7  1.3 13.8  1.4 14  1.2 14  1.4
Sat O2 (%) 3rd test 96  1 96  1 96  1 96  1 95  1 95  1
CO: thermodilution (l/min) 3rd test 4.5  1.2 6.6  1.8 8.5  2.6 10.7  3.3 12.9  2.8 11.7  3.7
CO: Fick (l/min) 3rd test 5.0  1.3 7.8  1.9 8.7  2.2 10.1  2.6 11.7  2.9 11.2  3.2
CO: rebreathing (l/min) 3rd test 5.1  1.3 7.7  1.8 8.7  2.1 10.4  2.5 12.0  3.1 11.3  3.2
Shunt flow (l/min) 3rd test 0.5  0.4 0.4  0.3 0.5  0.4 0.3  0.6 0.6  0.4 0.5  0.4
PBF (l/min) 2nd test 4.3  1.0 7.0  1.7 8.3  1.8 9.2  2.1 10.1  2.4 9.6  2.5
PBF (l/min) 3rd test 4.6  1.2 7.3  1.7 8.3  1.9 10.1  2.6 11.4  2.8 10.6  3.0
Coefficient of variation (%) 11.4 10.2 9.2 10.8 11.0 11.1
PASP  pulmonary artery systolic pressure; PADP  pulmonary artery diastolic pressure; VO2  oxygen consumption; TV  tidal volume; Hb  hemoglobin; Sat O2  arterial
O2 saturation; CO  cardiac output; PBF  pulmonary blood flow.
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comparing the results of CPET 2 and 3 (Table 1). The coefficient
of variation was 10.8%.
We performed 95 simultaneous CO measurements by the 3
techniques. CO by T versus F was: COT  1.1425  COF –
1.358; R  0.9465; R versus F was: COR  0.9504  COF 
0.5366; R  0.9482; R versus T was: COR  0.779  COT 
2.1037; R  0.9382. C(a-v)O2 can be estimated from measured
VO2 and CO by R. The estimated C(a-v)O2 was highly correlated
to the measured value: C(a-v)O2 estimated  0.9326  C(a-v)O2
measured  0.5598; R  0.9040. The Bland-Altman plot con-
firmed the good agreement among the three techniques. No
statistical differences were observed between CO measurements by
any technique nor between estimated versus measured C(a-v)O2.
In Figure 1 CO is plotted versus C(a-v)O2. The solid lines are
isoVO2 lines. Full symbols are data from F (measured VO2,
measured C(a-v)O2 and calculated CO); open symbols are data
from R (measured CO, measured VO2, and estimated C(a-v)O2).
It is important to measure CO during exercise in HF. Indeed,
a relevant number of patients have a good prognosis, despite low
peak VO2, if CO increase during exercise is preserved. At present,
no data regarding the use of CO response to exercise as a tool to
assess patients’ follow-up are available. This is due to the invasive
nature of CO determination during exercise.
The R, T and F CO measurements provided similar results,
signifying that both PBF measurements and shunt estimation are
reliable. These results were obtained in patients with moderate
HF. Stringer et al. (2) reported the CO/C(a-v)O2/VO2 plot of both
healthy and HF subjects. For a given VO2, HF patients have a
lower CO and a greater C(a-v)O2, when compared to normal
subjects. This plot should differentiate among those patients who
have muscle deconditioning from those who are more fit. This is
important for the selection of the most appropriate patients for
intensive cardiac rehabilitation programs. Indeed, the reduced CO
response to exercise may not be the sole limitation to physical
activity in heart failure patients. The present study shows that this
plot can be noninvasively built because the estimation of C(a-v)O2
by R-CO and VO2 measurements appear to give reliable values for
C(a-v)O2.
In conclusion, CO in HF can be measured during exercise by R.
These measurements are repeatable and agree closely with those
from F and T. We showed that C(a-v)O2 can be estimated and the
CO/C(a-v)O2/VO2 plot can be built using measurements obtained
noninvasively.
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Figure 1. Cardiac output versus arterio-venous oxygen difference [C(a-v)O2]; solid lines are isoVO2 lines. Solid symbols  data obtained from Fick
method; open symbols  data from the inert gas rebreathing technique.
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APPENDIX
Shunt Flow Calculation
Shunt flowCOPBF [a]
VO2 (CcO2CvO2)PBF [b]
VO2 (CaO2CvO2)CO [c]
Rearranging equation b gives:
CvO2CcO2VO2 ⁄ PBF
Inserting into equation c gives:
COVO2 ⁄ (CaO2CcO2VO2 ⁄ PBF)
or
CO 1 ⁄ [(CaO2CcO2) ⁄ VO2 1 ⁄ PBF] [d]
Insertion of equation d in equation a gives us the shunt flow
equation:
Shunt flow 1 ⁄ [CaO2CcO2) ⁄ VO2 1 ⁄ PBF]PBF
VO2, CO, PBF, CaO2 and CvO2 were directly measured,
while CcO2 was estimated by assuming pulmonary capillary
O2 saturation  98% and using hemoglobin values obtained
from the arterial blood samples.
Letters to the Editor
Can Perindopril Delay the Onset of Heart
Failure in Duchenne Muscular Dystrophy?
With interest we read the study by Duboc et al. (1) about 57
children with Duchenne muscular dystrophy (DMD) and a left
ventricular ejection fraction (LVEF) 55%. Duboc et al. (1)
conclude that early treatment with perindopril over 60 months
delays both the onset and progression of systolic dysfunction. The
study raises the following concerns:
First, how to explain that within the first 36 months only one
patient in each group developed systolic dysfunction, whereas
within the following 24 months eight patients of group 2 (the
group that received placebo during the first 36 months) deterio-
rated? If the deterioration after 60 months was due to not taking
perindopril during the first 36 months, why did this effect not
become evident earlier? Assuming that perindopril had an effect in
preventing the development of systolic dysfunction in group 1
patients (the group that received perindopril during the first 36
months), it remains unclear whether this was really a drug effect,
selection bias, or whether these patients were less severely affected
when included.
Second, did the eight patients in group 2 with LVEF 45%
after 60 months have a lower baseline LVEF than the remaining
patients? How do the investigators know that it was the lack of
perindopril that led to a decrease in systolic function in these
patients? How could it be excluded that this was not the natural
course? To claim a positive effect of perindopril in patients with
normal systolic function it is not justified to claim a prophylactic
effect of the drug despite a nonsignificant difference in mean values
of LVEF after 60 months. How then to explain the improvement
of LVEF after 36 months in two group 2 patients?
Third, because LVEF decreased under angiotensin-converting
enzyme (ACE) inhibitor therapy in eight patients below 45% and
the mean remained unchanged, there must have been some
patients in whom LVEF has improved. How do the investigators
explain that the drug given during 24 months improved LVEF in
group 2 patients?
Fourth, cardiac function was assessed by resting radionuclide
ventriculography. As most of the DMD patients develop thoraco-
spinal deformities from age 10 on, the accuracy of scintigraphy is
limited (2). Why was no other method, like echocardiography,
applied that would yield additional information about cardiac size
and diastolic function?
Fifth, what was the rationale to give an ACE inhibitor in
patients with normal systolic function? Why was the choice
perindopril, an ACE inhibitor not previously tested in muscular
dystrophy patients (3,4)?
Moreover, information is lacking about the exact neurological
severity of the patients, especially how rapidly neurologic symp-
toms deteriorated, and whether respiratory function changed. How
many patients had or developed rhythm abnormalities? Did the
heart rate increase during follow-up, and was increased heart rate
associated with a decrease of LVEF in any of the patients, suggesting
tachycardiomyopathy (5)? How to explain that 17 patients developed
side effects during placebo therapy? From which drug?
Finally, based on the presented data, it is not justified to propose
perindopril as a prophylactic medication in DMD. To assess left
ventricular function accurately in DMD patients, the application
of at least echocardiography is mandatory (4).
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